Phospholipids could exert their effect on membrane protein topology either directly by interacting with topogenic signals of newly inserted proteins or indirectly by influencing the protein assembly machinery. In vivo lactose permease (LacY) of Escherichia coli displays a mixture of topological conformations ranging from complete inversion of the N-terminal helical bundle to mixed topology and then to completely native topology as phosphatidylethanolamine (PE) is increased from 0% to 70% of membrane phospholipids. These topological conformers are interconvertible by postassembly synthesis or dilution of PE in vivo. To investigate whether coexistence of multiple topological conformers is dependent solely on the membrane lipid composition, we determined the topological organization of LacY in an in vitro proteoliposome system in which lipid composition can be systematically controlled before (liposomes) and after (fliposomes) reconstitution using a lipid exchange technique. Purified LacY reconstituted into preformed liposomes of increasing PE content displayed inverted topology at low PE and then a mixture of inverted and proper topologies with the latter increasing with increasing PE until all LacY adopted its native topology. Interconversion between topological conformers of LacY was observed in a PE dose-dependent manner by either increasing or decreasing PE levels in proteoliposomes postreconstitution of LacY, clearly demonstrating that membrane protein topology can be changed simply by changing membrane lipid composition independent of other cellular factors. The results provide a thermodynamic-based lipid-dependent model for shifting the equilibrium between different conformational states of a membrane protein.
Phospholipids could exert their effect on membrane protein topology either directly by interacting with topogenic signals of newly inserted proteins or indirectly by influencing the protein assembly machinery. In vivo lactose permease (LacY) of Escherichia coli displays a mixture of topological conformations ranging from complete inversion of the N-terminal helical bundle to mixed topology and then to completely native topology as phosphatidylethanolamine (PE) is increased from 0% to 70% of membrane phospholipids. These topological conformers are interconvertible by postassembly synthesis or dilution of PE in vivo. To investigate whether coexistence of multiple topological conformers is dependent solely on the membrane lipid composition, we determined the topological organization of LacY in an in vitro proteoliposome system in which lipid composition can be systematically controlled before (liposomes) and after (fliposomes) reconstitution using a lipid exchange technique. Purified LacY reconstituted into preformed liposomes of increasing PE content displayed inverted topology at low PE and then a mixture of inverted and proper topologies with the latter increasing with increasing PE until all LacY adopted its native topology. Interconversion between topological conformers of LacY was observed in a PE dose-dependent manner by either increasing or decreasing PE levels in proteoliposomes postreconstitution of LacY, clearly demonstrating that membrane protein topology can be changed simply by changing membrane lipid composition independent of other cellular factors. The results provide a thermodynamic-based lipid-dependent model for shifting the equilibrium between different conformational states of a membrane protein.
I
t is widely assumed that the final orientation of transmembrane domains (TMs) and organization of a membrane protein is representative of its organization at the time of initial membrane insertion by the translocon machinery followed by folding within the membrane lipid bilayer (1) . Furthermore, it is generally accepted that the translocon and associated auxiliary proteins are the primary cellular components that decode membrane protein sequences according to the positive inside rule (2) , resulting in a uniform and stable topological organization for TMs of membrane proteins. Topological and compositional constraints of the phospholipid bilayer (3, 4) , cotranslational glycosylation events (5), molecular chaperones, and final folding and assembly events (6, 7) additionally influence protein organization. The fidelity of TM orientation is determined by interplay between these multiple factors resulting in the vast majority of the membrane proteins exhibiting a unique, fixed, and uniform topology.
However, a number of membrane proteins have been shown to exist in more than one topological organization with respect to their TMs either in the same membrane (7, 8) or in different membranes (9) . It is difficult to imagine how precise timing of glycosylation events or actions of molecular chaperones can orchestrate a precise ratio of multiple topological conformers (10) . Therefore, the existence of multiple topological conformers of the same protein was suggested to be due to the innate properties of the protein (6) and its lipid environment (11, 12) . However, the molecular basis for generation of multiple topologies for the same protein is largely unknown.
Using the Escherichia coli 12 TM-spanning secondary transporters lactose (LacY), phenylalanine (PheP), γ-aminobutyrate (GabP), and sucrose (CscB) permease, we demonstrated that membrane lipid composition is an in vivo determinant of membrane protein topological organization (12, 13) . In the case of LacY the N-terminal 6 TM helical bundle is inverted with respect to the C-terminal 5 TM helical bundle, and a central TM becomes an extramembrane domain when LacY is assembled in cells lacking the major zwitterionic phospholipid phosphatidylethanolamine (PE) and containing only anionic phospholipids [primarily phosphatidylglycerol (PG) and cardiolipin (CL)] (Fig. 1C and Fig. S1 ). Phospholipids might exert their effect on membrane protein topology indirectly by influencing the membrane protein assembly machinery (14, 15) . However, such topogenic influence of lipids appears to be largely independent of other cellular factors including the translocon because topological organization of LacY reconstituted into protein-free unilamellar liposomes (single lipid bilayer enclosed vesicles) is determined solely by the phospholipid composition of the liposome independent of the lipid composition of the cells from which LacY was derived (16, 17) .
In vivo studies established TM orientation is also dependent on the charge nature of extramembrane domains flanking TMs as well as long-range interactions within the protein (12, 18) . In the presence of PE negatively charged amino acids in extramembrane domains connecting TMs are of secondary importance for translocation of extramembrane domains across the membrane when accompanied by the stronger domain retention signal of positively charged residues as postulated by the positive inside rule (2) . However, in the absence of PE, negative residues become stronger translocation signals in opposition to the positive inside rule resulting in the misorientation of extramembrane domains containing a mixture of positively and negatively charged residues. These results are the basis for the charge balance hypothesis wherein charge interactions between the extramembrane domains of membrane proteins and the charge density of the membrane surface, as established by the balance between net neutral lipids such as PE and anionic lipids such as PG and CL, work in concert to determine TM orientation (12, 13, 18) .
We also demonstrated that the native and inverted conformers of LacY can be formed and coexist in the same membrane in vivo (11) . The proportion of each conformer was dependent in a dose-dependent manner on the membrane PE content during LacY synthesis. Whether such multiple topological conformers of LacY or other membrane proteins are formed at the time of initial membrane insertion, involve the protein insertion/assembly machinery, require other cellular factors, or can form spontaneously independent of other cellular factors, is not known. Although these conformers were not in equilibrium with each other, they underwent interconversion in both directions by a postassembly change in the PE content of the cell membrane. Whether such postassembly changes in protein topological organization can occur spontaneously or require other cellular factors is also not known.
In this study we used LacY as a model polytopic membrane protein to establish the molecular requirements for generation of coexisting multiple topology conformers in proteoliposomes (i.e., liposomes with membrane-incorporated LacY) and to effect the postassembly interconversion of such conformers in proteoliposomes we term "fliposomes." By using an in vitro reconstitution system, we determined that the minimum and sufficient requirements for a protein to either adopt a dual topology or flip between topologically distinct states resides in and is thermodynamically determined by the properties of the protein interacting with its lipid environment independent of other cellular factors.
Results
Orientation of LacY TMs as a Function of Initial PE Levels. Because the in vitro reconstitution and lipid exchange protocols required extended incubation times and elevated temperatures, we used the more thermostable mutant of LacY (Cys154 replaced by Gly) from which the first crystal structure was derived (19) . Although this mutant is not functional in transport, it still binds substrate, closely resembles the subsequent structure obtained for the native functional protein (20) , and is dependent on PE for its topological organization in vivo (Fig. S1) .
LacY (otherwise cysteineless) with single-cysteine replacements in NT (amino terminal cytoplasmic domain) or C6 (cytoplasmic domain 6) ( Fig. 1) were incorporated into liposomes in which PE content relative to PG plus CL was varied from 0% to 70% (i.e., to the wild-type level). Unless otherwise indicated, LacY was derived from PE-containing cells. Preformed liposomes were mixed with purified LacY in the presence of the detergent n-octyl-β-D-glucopyranoside (OG) followed by rapid dilution to form uniform inside-out oriented LacY (relative to its orientation in cells) in the resulting proteoliposomes (SI Methods). When PE was present at wild-type levels (∼70%), the normally cytoplasmically exposed domains NT and C6 face the exterior of proteoliposomes (opposite to that in intact cells) and the normally periplasmically exposed domain P7 (periplasmic domain 7; Fig. 1 ) faces the interior of the proteoliposomes as previously established (16, 17) . Orientation of TMs within LacY was determined using the substituted cysteine accessibility method as applied to TM orientation (SCAM) (21) . In this method intact (exterior domains exposed) or detergent disrupted (luminal and exterior domains exposed) proteoliposomes were treated with the membrane impermeable sulfhydryl reagent (N-maleimidopropionyl) biocytin (MPB) followed by separation of proteins by SDS/polyacrylamide gel electrophoresis (SDS/PAGE). Biotinylated LacY was visualized after transfer of the separated proteins to a solid support followed by reaction with avidin conjugated to horseradish peroxidase (Western blot) as described in Methods. Cysteines in domains NT and C6 were completely protected from MPB in the absence of PE unless proteoliposomes were disrupted with the detergent OG and were completely accessible to MPB in the presence of 70% PE without detergent disruption ( Fig. 1 ). This result confirmed the opposite orientation of N-terminal six TM bundle of LacY in PE-containing versus PElacking cells (22) or proteoliposomes (17) . However, as the PE content was decreased from 70% to 0%, multiple topological conformers of LacY coexisted in the proteoliposomes as evidenced by progressive incomplete accessibility of the NT and C6 cysteines in intact proteoliposomes but with complete derivatization after detergent disruption. Interestingly, although LacY inversion in liposomes is inversely proportional to PE level at intermediate levels of PE, the external accessibility of the C6 domain (native topology) was greater than the NT domain at each intermediate PE level. These results are in close agreement with in vivo results for a PE dosedependent dual topological organization of LacY and the difference between the NT and C6 domains in response to PE (11) .
These results support two conclusions that could not be made based solely on in vivo observations. First, the formation and coexistence of multiple topological conformers is an inherent property of some membrane proteins and their lipid environment and does not require the membrane protein insertion/assembly machinery or any other cellular factors to orchestrate a mixed topological organization within the same membrane. Second, the two topological states of LacY at a steady state lipid composition are not in equilibrium with each other and their coexistence is not maintained in vivo by other cellular factors.
Fliposomes: Changing the Lipid Composition of Proteoliposomes Results
in a Change in TM Orientation. Methyl-β-cyclodextrin (MβCD) was demonstrated to facilitate the exchange of phospholipids between the outer monolayers of donor multilamellar lipid vesicles (MLVs) and recipient small unilamellar vesicles (liposomes) without bilayer fusion or disruption of bilayer integrity (23, 24) . We adapted this method (SI Methods) to change the lipid composition of preformed proteoliposomes after the incorporation of LacY. Proteoliposomes of either 70% or 50% PE relative to PG plus CL or 100% PG plus CL were made containing C-terminal His 6 -tagged LacY with a single-cysteine replacement in domain NT, C6, or P7. These proteoliposomes were then mixed with MβCD-treated MLVs of 100% PG plus CL in the first two cases to dilute PE content or 100% PE MLVs to incorporate PE in the latter case as described in Methods. Although the initial result is generation of asymmetric lipid bilayers, increasing exchange of lipids between bilayer leaflets of the recipient proteoliposomes occurs with lipids containing unsaturated fatty acids (23, 24) such as those used and probably with nonbilayer prone phospholipids such as PE (although the latter has not been demonstrated), resulting in a symmetrical lipid distribution. Proteoliposomes containing LacY were separated from MLVs or any liposomes lacking LacY using immobilized metal affinity chromatography (IMAC) specific for the C-terminal His 6 tag of LacY with total recovery of LacY ranging from 83% to 97% for each LacY single-cysteine derivative (Fig. S2) . This is consistent with exposure of the C-terminal His 6 tag of LacY on the exterior proteoliposome surface and the native orientation of the C-terminal five TM helical bundle. Phospholipid composition of proteoliposomes was analyzed before and after incubation with MLVs. Proteoliposomes initially lacking PE now contained about 55% PE, and proteoliposomes initially containing 70% or 50% PE now contained about 40% or 20% PE, respectively, for each of the LacY single-cysteine replacements ( Fig. 2 and Fig. S3 ). The average diameter of LacY-containing proteoliposomes (i.e., those isolated by IMAC) was calculated (25) from images ( Fig. S4 ) obtained by electron microscopy (SI Methods) and was 118 ± 43 nm or 155 ± 58 nm for proteoliposomes originally containing 70% PE or no PE, respectively. Based on the recovery of lipid and protein, there were about 250-400 LacY molecules per proteoliposome.
The orientation of domains NT, C6, or P7 was assessed before and after lipid exchange (Fig. 3) . Preblocking of putative external cysteines in intact proteoliposomes with acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS, membrane impermeable and nonbiotinylated sulfhydryl reagent) results in selective biotinylation of cysteines exposed to the lumen after membrane disruption, providing an additional measure of mixed or dual topologies coexisting within the same membrane as previously described (11, 12) . In all cases the cysteine in P7 remained 100% protected inside proteoliposomes unless detergent was added ( Fig.  3 and Fig. S5 ), and its accessibility to MPB was unaffected by prior AMS treatment. Thus, proteoliposomes remained intact and impermeable to sulfhydryl reagents before and after lipid exchange. Raising PE levels from 0% to 55% converted the 100% of protected domain NT or C6 to a mixture of about 65% or 75% exposed with the remainder protected, i.e., a mixture of topologies (Fig. 3) . Similarly, reducing PE content from 70% to 40% or 50% to 20% changed the 100% or 95% of domain C6 of LacY in its native orientation (i.e., exposed) to 60% or 40% exposed with the remainder protected (Fig. 3 and Fig. S5) . A similar result was observed for the cysteine in domain NT but with starting and ending determinations showing slightly less exposed cysteine.
The following controls are presented in SI Results. No change in topological orientation of TMs occurred after lipid exchange between proteoliposomes and MLVs of the same lipid composition (Fig. S6) . Inducing lipid exchange with MβCD at 37°C instead of 55°C (Fig. S7) gave the same results as in Fig. 3 . Therefore, neither the lipid exchange process itself nor high temperature alone resulted in topological switching. Using LacY derived from PE-lacking cells (Fig. S8) gave the same postreconstitution results as presented above, consistent with previous results that topological organization is dependent on proteoliposome lipid composition and not lipid composition of the LacY source (16, 17) . Finally, the P7 domain (facing the lumen of proteoliposomes) was not accessible to external AMS, and a luminal water-soluble dye was not released from proteoliposomes during lipid exchange (Fig. S9) . Therefore, the integrity of the lipid bilayer was not compromised during reorientation of the N-terminal bundle or the change in lipid composition.
These results mirror results seen in vivo when LacY was first assembled either in the absence of PE or at various levels of PE followed by a postassembly induction of PE synthesis to wild-type levels or a reduction of PE levels to <5%, respectively (11, 18) . Therefore, postassembly bidirectional changes in TM orientation can be thermodynamically driven and determined by direct lipidprotein interactions that are governed by the inherent properties of the protein and its lipid environment and need not involve indirect effects of lipids on other cellular factors such as protein chaperones or components of the membrane insertion/assembly machinery.
Effect of Lipid Composition on the Conformation of the P7 Domain.
Another independent measure of LacY native functional and topological organization is the conformation of the P7 domain as assessed by extent of LacY recognition with the conformationally specific monoclonal antibody (mAb) 4B1 directed at the P7 domain compared with recognition of total LacY by polyclonal antibody (pAb) 1043 (11, 16) . In addition, there is a strong correlation between the proper folding of P7, the orientation of N-terminal helical bundle, and the ability of LacY to mediate Fig. 2 . Phospholipid composition of proteoliposomes containing LacY before and after lipid exchange. LacY with single-cysteine replacements either in the NT, C6, or P7 domain was reconstituted into liposomes with the indicated phospholipid composition (before) and subjected to lipid exchange with MLVs (after). After LacY-containing proteoliposome recovery by IMAC, phospholipids were extracted, separated by thin layer chromatography (TLC), visualized by iodine vapor, scraped off the TLC plate, and quantified using a total phosphate assay. (A) Representative TLC analysis of lipids from the indicated LacY proteoliposomes to which PE was introduced; representative TLC analyses for all experiments are shown in Fig. S3 . Arrow indicates direction of TLC separation. Histograms depict the lipid compositions (with SD, n = 3-5) for addition of PE (B) or PE dilution (C).
uphill transport (16, 22, 26) . Therefore, we measured (SI Methods) the change in immunoprecipitation (IP) efficiency of LacY by mAb 4B1 relative to pAb 1043 after reconstitution either in the absence or presence of PE followed by either introduction or dilution of PE, respectively. Although there was again some difference between the NT and C6 single-cysteine replacement derivative, LacY displayed increased or decreased recognition by mAb 4B1 after introduction or dilution of PE, respectively (Fig. 4) . Total recovery of LacY after changing lipid composition was >90% in all experiments. However, it should be noted that regain of epitope recognition by mAb 4B1 upon addition of PE by lipid exchange appeared to be more energetically favorable than "unfolding" of the preexisting properly folded P7 domain by dilution of the PE level (Fig. 4) .
Discussion
There are examples of dual organization of membrane proteins (6, 8-10, 25, 27) and posttranslational (28) or postinsertional (13) in vivo dynamic changes in TM orientation of membrane proteins. The molecular basis for topological heterogeneity and dynamic TM rearrangements is largely unknown. Although a complex mixture of factors determine fidelity for insertion of proteins into the membrane followed by final folding events, we have focused on the less studied contribution of membrane lipid composition to this process. Herein we used a completely in vitro system of reconstitution of LacY into liposomes of varied lipid composition followed by MβCD-mediated lipid exchange (23, 24) to determine the minimal and sufficient requirements first to establish initial uniform or multiple topological organization and second to effect the postassembly topological reorganization of a membrane protein. The unique findings of the present work have several important implications, which are summarized as follows. The major finding is that the extent to which the N-terminal helical bundle of LacY in vitro adopts either native, inverted, multiple, or reversible topology is directly determined by either the steady-state level of PE at the time of protein reconstitution into liposomes or the change in PE content after reconstitution into liposomes. According to the charge balance hypothesis (13, 18) , membrane protein topology is dependent on the effective interfacial net positive charge of protein extramembrane domains and the negative charge density of the membrane surface (12, 18) with the latter being modulated by the level of PE (11) or other net zero charged lipids (29) . Progressive increase in the amount of PE raises the probability of the N-terminal half of LacY to adopt a correct orientation by decreasing the translocation potential of negatively charged amino acids that act in opposition to the positive inside rule, whereas depletion of PE levels increases the translocation potential of negatively charged amino acids resulting in an inverted topology. The net charge of extramembrane domains have the opposite effect in that increasing the number of acidic amino acids favors translocation of domains across the membrane, which is accentuated as PE levels are reduced. The charge balance hypothesis was validated recently by correlational statistical analysis of the relationship between net polar lipid head group charge of the membrane and protein TM topology (30) . These effects are operative at the time of initial insertion of TMs as well as after final folding of a protein into a compact structure (11, 18) .
The in vitro results reported here directly correlate with previous results observed in vivo. Therefore, membrane protein topological organization (either uniform or as multiple conformers) at the time of initial membrane insertion, during initial folding or after folding into a compact structure is directly determined by the domain was reconstituted into liposomes of the indicated initial PE content (none, 70% or 50%, the remainder being PG + CL). Proteoliposomes were subjected to lipid exchange as described in Fig. 2 . LacY-containing proteoliposomes were recovered by IMAC followed by solubilization with 2% β-D-dodecylmaltoside and overnight IP with either the conformation-sensitive mAb 4B1 or the pAb 1043, both previously cross-linked to protein A/G agarose beads. I (input) indicates the total amount of LacY in proteoliposomes before IP. After SDS/PAGE analysis, visualization was performed by Coomassie Blue staining of the protein bands. (Lower) Histogram presentation of band intensity ratios depicts total recovery with mAb 4B1 (ratio 4B1/I, dark gray bars) and protein recovery after IP (ratio 1043/I, light gray bars) for the indicated single-cysteine replacements (with SD, n = 3) before (B) and after (A) lipid exchange, respectively. Estimation of band intensities was performed using ImageJ software.
innate properties of the protein and its lipid environment independent of any other cellular factors. The reversibility of topological orientation independent of other cellular factors indicates a thermodynamically driven process that can occur at any time and in any cell membrane. The lack of a rapid equilibrium between coexisting topological conformers indicates that the distribution of conformers is determined by lipid-protein interactions at an early step of protein folding followed by final folding events that result in a large activation energy preventing fluctuations between different topological states (11) . These results suggest the attractive possibility that membrane protein organization is responsive to changes in the lipid environment, which occur locally during cell division, during intracellular trafficking of proteins, at the point of membrane fission and fusion, as proteins move in and out of lipid rafts or lipid rich domains, and through metabolic changes in the polyphosphorylated phosphatidylinositol or cholesterol pool. In addition, the change in the charge nature of extramembrane domains during phosphorylation/dephosphorylation cycles of proteins could induce topological changes in membrane proteins resulting in changes in function. Our results indicate that such changes would affect both newly synthesized as well as existing proteins.
Infectious bronchitis coronavirus E protein appears to adopt different topologies as it moves through the secretory pathway directed by an unknown posttranslational mechanism (31, 32) . Changes in cholesterol levels in the endoplasmic reticulum membrane may result in topological heterogeneity of the viral L protein because progressive lowering of cholesterol levels in host cells converts dual topology into a uniform single topological distribution for this protein (33) . It was suggested that cholesterol could either trigger conformational changes in the translocon by affecting the fluidity of the lipid bilayer or change the surface charge distribution of the membrane thereby modulating electrostatic lipid-protein interactions. The topological organization of a bull sperm Na
+ ATPase is dependent on the cholesterol and sphingolipid composition after reconstitution into proteoliposome-mimicking events, which could be associated with movement in and out of lipid rafts (34) . The dynamic property of TM orientation explains how late appearing topogenic signals can influence the topological organization of previously inserted TMs (18, 35) as protein synthesis proceeds, thus supporting nonsequential determination of TM orientation.
Our data suggest that differences in topological organization of homologous proteins formed during evolution could have arisen not only from changes in topogenic signals within the protein sequence (6) but also through changes in membrane lipid composition (11, 30) . Misfolding of membrane proteins occurs in Alzheimer's disease, diabetes, cystic fibrosis, and prion-based diseases (36) . Nascent prion protein can be cotranslationally partitioned into multiple populations (37) but PE and no other phospholipid is the sole host prion propagation cofactor (38) required in vitro to convert the nonpathogenic conformer (PrP C ) into its infectious counterpart (PrP Sc ). This conversion is concentration dependent, demonstrating that it is driven by a shift in the thermodynamic equilibrium triggered simply by changes in PE levels, which mimics the results we observed previously in vivo (22) and now in vitro for LacY. Our results provide important information for understanding the unresolved mechanism of self-propagating conformational diseases by providing a thermodynamic basis for lipid-dependent interconversions between populations of native and nonnative conformers separated by a high activation energy that prevents equilibration unless lipid composition is changed (22) .
Because in vitro results fully mirror in vivo results, the MβCD-mediated lipid-exchange reconstitution system can be used to test the potential for any membrane protein to either exist in multiple TM topological states or undergo lipid-dependent topological inversion postassembly. The availability of this in vitro fliposome system provides the means to study the detailed mechanism of lipiddependent postassembly changes in protein structure, which has been noted as lacking (39) .
Membrane protein insertion and topogenesis may not be solely thermodynamically driven in vivo. Primary sequenceguided translation and translocon-guided insertion, translocation rates (40, 41) , and translocon channel gating kinetics contribute to the fidelity of the initial insertion process (42) . Although the topological heterogeneity of a membrane protein could be established cotranslationally, the contribution of the translocon in making a final topological decision is limited by time (43) , the size of a newly synthesized protein (44) , and effective diameter of the translocation pore (45) , which is still a matter of debate (28) . The translocon may facilitate initial TM orientation by allowing continual sampling of the surrounding lipid environment by TMs (43, 46) , thus providing a means to attain a thermodynamically driven proper topological orientation before full release into the lipid bilayer (40, 47) . During this time, the properties of the lipid bilayer would influence the final decision for many membrane proteins inserting by a sequential or linear mechanism where the most N-terminal signal sequence defines the orientation of all subsequent TMs. Glycosylation may shift the equilibrium of topologies in favor of one conformer over another by sterically trapping translocated domains in the ER lumen (5), although there is no evidence that glycosylation would prevent lipid-dependent topological changes. Molecular chaperones or other cellular factors may be required in vivo to modulate the rate of topological rearrangement, but our in vitro results strongly support lipid-protein interactions as the thermodynamic driving force for such changes. However, posttranslational reorientation of eukaryotic, bacterial, and viral membrane proteins is not unprecedented (6, 28) and the translocon cannot be involved in postinsertional changes in protein structure and function such as movement in and out of lipid rafts or changes occurring during intracellular protein trafficking.
According to this unique topology switch paradigm, it is possible that specific regions of a subset of membrane proteins can undergo reversible lipid-dependent TM reorganizations. This idea is supported by statistical analyses indicating that the distribution of conformers of dual topology proteins fluctuates with changes in the polar lipid head group composition (30) . All data together provide a molecular mechanism explaining why most proteins fold into a single low energy state, whereas dual topology proteins and prionlike proteins can either stably fold into two distinct conformers or be interconverted when cellular circumstances change.
Methods
More detailed methods and results can be found in SI Methods and SI Results.
Briefly strain AL95 [pss93::kan R lacY::Tn9 (kanamycin resistance gene inserted into gene encoding phosphatidylserine synthase and tetracycline resistance gene inserted into gene encoding LacY, respectively)] without (lacking PE and containing mostly PG and CL) or with (wild type phospholipid composition) plasmid pDD72GM [pssA + gen R (gene encoding phosphatidylserine synthase and gene encoding gentamycin resistance, respectively)] (22) was used to express plasmid-encoded single-cysteine replacements in otherwise cysteineless LacY with Cys154 replaced by Gly and a His 6 tag at its C-terminal end. Co(II)-Talon Superflow resin (IMAC) was used to purify LacY as previously described (16) . Purified LacY was reconstituted into liposomes (16) followed by changing the lipid composition by exchange with MLVs with a different lipid composition in the presence of MβCD (23, 24) . Phospholipid compositions, determined by weight or direct phosphate analysis, are expressed as mole percentage, taking into account the two phosphates in CL. Topological determination (SCAM) of TMs was based on the controlled membrane permeability of the thiol-specific reagent MPB and its reactivity with diagnostic cysteine residues in extramembrane domains of LacY either expressed in cells (21, 22) or reconstituted into liposomes (16, 17) . The conformation-specific mAb 4B1 was used for IP of LacY with a native P7 domain (16) , whereas IP of total LacY was carried out with pAb 1043 directed at the C terminus of LacY.
